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Abstract
We demonstrate theoretically that the spin polarization of current can be electrically amplified
within nonmagnetic semiconductors by exploiting the fact the spin current, compared to the charge
current, is weakly perturbed by electric driving forces. As a specific example, we consider a T-
shaped current branching geometry made entirely of a nonmagnetic semiconductor, where the
current is injected into one of the branches (input branch) and splits into the other two branches
(output branches). We show that when the input current has a moderate spin polarization, the
spin polarization in one of the output branches can be higher than the spin polarization in the
input branch and may reach 100% when the relative magnitudes of current-driving electric fields
in the two output branches are properly tuned. The proposed amplification scheme does not use
ferromagnets or magnetic fields, and does not require low temperature operation, providing an
efficient way to generate a highly spin polarized current in nonmagnetic semiconductors at room
temperature.
PACS numbers: 72.25.Hg, 72.25.Dc
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One of major challenges of the spintronics is to electrically generate a highly spin po-
larized current in a nonmagnetic semiconductor at room temperature [1, 2, 3]. High spin
polarization (SP) of 40-90% has been reported [4, 5, 6, 7, 8] in electrical spin injection from
a magnetic semiconductor to a nonmagnetic semiconductor but those reports are yet limited
to low temperatures since the performance of a magnetic semiconductor as a spin aligner
degrades considerably at room temperature. On the other hand, in electrical spin injection
from a conventional metallic ferromagnet to a nonmagnetic semiconductor, the temperature
dependence is expected to be weaker since the Curie temperatures of many ferromagnets
are higher than the room temperature. In this case, however, the conductivity mismatch
[9] between a ferromagnet and a nonmagnetic semiconductor suppresses the SP of current
[10] below 1% as the current passes the heterojunction interface between a ferromagnet
and a nonmagnetic semiconductor. It has been proposed [11, 12, 13] that the conductivity
mismatch problem can be resolved by introducing a thin tunnel barrier at the heterojunc-
tion interface. Subsequent experiments [14, 15] using oxide tunnel barriers indeed found
enhanced SP of 15-30% at room temperature. Schottky tunnel barriers are also demon-
strated to be effective and the SP of 2-30% have been reported [16, 17] at low temperatures.
Though these results are already encouraging demonstrations of the electrical spin injection
into nonmagnetic semiconductors, further enhancement is desired for practical semiconduc-
tor spintronic applications. In order to achieve a higher SP at room temperature, effects
of the heterojunction interface on the SP needs clarification. There are indications [18, 19]
that the SP is affected not only by the height and width of the tunnelling barrier but also
by electronic structure of the heterojunction interface.
In this paper, we do not address the issue of the interfacial effects on the SP. Instead
we present a method complementary to the electrical spin injection; namely a method to
electrically amplify, within nonmagnetic semiconductors, the SP of the injected current.
Given spin-up current density j↑ and spin-down current density j↓, the SP α is defined as
(j↑−j↓)/(j↑+j↓) = ∆j/J , where ∆j ≡ j↑−j↓ is the spin current and J ≡ j↑+j↓ is the charge
current. For the SP amplification, we exploit the fact that the spin current ∆j is less affected
by the electrical driving forces than the charge current J is. One of simple ways to exploit
this is to use a three terminal T-shaped current branching geometry (Fig. 1) made entirely of
a nonmagnetic semiconductor. When a charge current Jin with the SP αin(< 1) is injected to
the input branch (branch 0), we demonstrate below that the resulting SP profile within the
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current branching geometry does depend on the relative magnitude of the current-driving
electric fields in the two output branches and that the SP in one of the output branches can be
higher than αin, illustrating the possibility of the electrical SP amplification. The proposed
scheme does not need ferromagnets, magnetic fields, or any heterojunction interfaces, and
it does not require a low temperature operation. Combined with moderate the SP achieved
via electrical spin injection from a conventional metallic ferromagnet [14, 15], the proposed
amplification scheme provides an efficient tool to generate a highly spin polarized current in
a nonmagnetic semiconductor at room temperature. Recently Kato etal. have reported the
observation of electrical spin control in strained semiconductors using the spin-orbit coupling
via strain-induced field[20]. In contrast, our spin amplification scheme does not require the
application of the strain.
To illustrate our proposal, we use the drift-diffusion model of electron transport in diffu-
sive semiconductors formulated by Yu and Flatte´ [21]. The spin-resolved current densities
j↑(x, t) and j↓(x, t) can be written as
j↑ = σ↑E+ eD∇n↑, (1a)
j↓ = σ↓E+ eD∇n↓, (1b)
where −e(< 0) is the electron charge, D is the diffusion constant, and E is the electric field.
Here σ↑(↓) is the spin-up (spin-down) conductivity, which depends on the electron density
via σ↑(↓) = σs/2 + eνn
↑(↓) where n↑(↓) is the spin-up (spin-down) electron density deviation
from its equilibrium value ns/2, and σs is the total conductivity in equilibrium. Here the
mobility ν is a constant independent of E and n↑(↓), and related to D via ν/eD = 1/kBT
for non-degenerate semiconductors [22].
According to Yu and Flatte´ [22], a steady state density profile for a non-degenerate
n-doped semiconductor satisfies
n↑ + n↓ = 0, (2a)
∇2(n↑ − n↓) +
eE
kBT
· ∇(n↑ − n↓)−
(n↑ − n↓)
L2s
= 0, (2b)
where kB is the Boltzmann constant, T is the temperature, and Ls is the equilibrium spin
relaxation length. The spin resolved electrochemical potentials µ↑(↓) in a semiconductor are
related[22] to the spin density n↑(↓) via
µ↑/↓ = kBT ln
(
1 + 2n↑/↓/ns
)
+ eE · x+ C, (3)
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where C is a constant. The charge neutrality condition Eq. (2a) leads to
J = σsE, (4a)
∆j = eD∇(n↑ − n↓) + eνE(n↑ − n↓). (4b)
To get an insight into the electrical SP amplification, it is useful to first consider briefly
the weak electric field limit, |E| ≪ Ec ≡ D/νLs = kBT/eLs , where Eqs. (2b) and (4b) are
simplified to
∇2(n↑ − n↓) ≈
(n↑ − n↓)
L2s
, (5a)
∆j = eD∇(n↑ − n↓). (5b)
Note that in this limit the spin current ∆j (and spin density n↑ − n↓) is decoupled from
the electric field and governed by diffusion process, while the charge current J is governed
by the electric field [Eq. (4a)]. Recalling that the SP α = ∆j/J , this difference in the
coupling strengths of the charge current and spin current to the electric field opens up the
possibility of the SP amplification via the electric field modulation within a semiconductor.
In a conventional two-terminal geometry, however, this possibility cannot be exploited since
the charge conservation fixes the electric field [Eq. (4a)] once the magnitude of the injected
current is fixed and thus the electric field modulation is not possible. In the current branching
geometry in Fig. 1, in contrast, a given injected current Jin is branched into J1 and J2. Since
the charge conservation requires only the total current conservation J1+J2 = Jin, the electric
field in, say, the branch 1 can be modulated and this degree of freedom can be exploited to
amplify the SP in the branch 1 [See Eq. (15)].
Next we consider general E and apply the drift-diffusion model to the T-shaped current
branching geometry (Fig. 1) made of an n-doped diffusive nonmagnetic semiconductor. The
charge current Jin with the SP αin is injected into the branch 0 (0 < x0 < l) and flows to the
branch 1 (x1 > 0) and 2 (x2 > 0) with the branched current J1 and J2 , respectively. Note
that the charge currents Ji and the electric field Ei (i = 0, 1, 2) are constants within each
branch i in the steady state. Taking the coordinates in the branch i to be positive xi (inset
in Fig. 1), Ji in our convention is positive (negative) when the current is flowing outward
(inward) from (towards) the branching point, x0 = x1 = x2 = 0. Note that J0 = −Jin in
this convention. To be specific, we consider below the electron injection into the branch 0.
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Thus Jin < 0 and J0 = −Jin > 0. And the direction of the electric field is parallel to the
x0-axis in the branch 0 (E0 = E0xˆ0, E0 > 0), and antiparallel to the x1(2)-axis in the branch
1(2) (E1(2) = −E1(2)xˆ1(2), E1(2) > 0).
The charge current conservation leads to J0 = −(J1 + J2). Defining the branching ratios
β1 ≡ J1/Jin and β2 ≡ J2/Jin, we impose the branching conditions,
β1 + β2 = 1 and 0 ≦ β1, β2 ≦ 1. (6)
Due to Eq. (2), the electron density n
↑/↓
i in the branch i becomes
n
↑/↓
0 (x0) = ±
(
A0e
x0/Ld0 +B0e
−x0/Lu0
)
, (7a)
n
↑/↓
1 (x1) = ±
(
A1e
x1/Lu1 + B1e
−x1/Ld1
)
, (7b)
n
↑/↓
2 (x2) = ±
(
A2e
x1/Lu2 + B2e
−x2/Ld2
)
, (7c)
and the electrochemical potential µ
↑/↓
i becomes
µ
↑/↓
0 = kBT ln
(
1 + 2n
↑/↓
0 /ns
)
+ eE0x0 + C0, (8a)
µ
↑/↓
1 = kBT ln
(
1 + 2n
↑/↓
1 /ns
)
− eE1x1 + C1, (8b)
µ
↑/↓
2 = kBT ln
(
1 + 2n
↑/↓
2 /ns
)
− eE2x2 + C2, (8c)
where Lui = Ls/Γui and Ldi = Ls/Γdi are the up-stream and down-stream spin diffusion
lengths, respectively[22], with LuiLdi = L
2
s. Here Γui and Γdi are given by
Γdi = −
1
2
Ei
Ec
+
√(
1
2
Ei
Ec
)2
+ 1, (9a)
Γui =
1
2
Ei
Ec
+
√(
1
2
Ei
Ec
)2
+ 1. (9b)
Note that Ldi > Ls > Lui since Ei > 0 is assumed. On the other hand, when electrons are
extracted from the branch 0 and Ei < 0, Eqs. (7)-(9) remain the same but Ldi < Ls < Lui.
Here we have assumed that the thickness of each branch is much smaller than the spin
relaxation length, so that the system is essentially one-dimensional. For simplicity, we also
assume that the cross sections of all three branches are the same. Then E0 = E1 + E2.
Determination of the coefficients Ai, Bi, and Ci requires the boundary conditions at the
branching point (x0 = x1 = x2 = 0) and at the end points of the branches (x0 = l, x1 =
∞, x2 = ∞). When the three branches make an ohmic contact with each other (in this
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case the contact is not spin-selective), the spin-resolved electrochemical potentials µ↑/↓ are
continuous
µ
↑/↓
0 (x0 = 0) = µ
↑/↓
1 (x1 = 0) = µ
↑/↓
2 (x2 = 0), (10)
and the spin currents are conserved
∆j0(x0 = 0) + ∆j1(x1 = 0) + ∆j2(x2 = 0) = 0, (11)
at the branching point. At the end point of the branch 0,
∆j0(x0 = l) = αinJ0, (12)
and at the end points of the output branches (i=1, 2), the finiteness of the spin relaxation
length imposes,
j↑i (xi =∞)− j
↓
i (xi =∞) = 0. (13)
Without loss of generality, we may set C1 = 0. Then the remaining 8 coefficient are fixed
by the 8 constraints from Eqs. (10)-(13). After some algebra we obtain the SP αi(xi) =
∆ji(xi)/Ji. For example, α1(x1) is given by
α1(x1) =
αin
β1
(J1 − JcΓd1)(Γu0 + Γd0)e
−x1/Ld1
[(Jin − JcΓd0)(Γu0 + Γd1 + Γd2)eδΓd0 + (Jin + JcΓu0)(Γd0 − Γd1 − Γd2)e−δΓu0 ]
,
(14)
where δ ≡ l/Ls and Jc ≡ σsEc. This equation is the main result of this paper.
To understand implications of Eq. (14), we first examine the small injection current limit,
|Jin| ≪ Jc, which is equivalent to the weak electric field limit addressed briefly above. In
this limit, Eq. (14) is simplified to
α1(x1) =
αin
β1
exp(−x1/Ls)
sinh(l/Ls) + 2cosh(l/Ls)
. (15)
Note that α1(x1) becomes larger than αin for sufficiently small β1 = J1/Jin = E1/E0 or for
sufficiently small E1. Thus a proper tuning of the electric field E1 in the output branch 1
indeed accomplishes the SP amplification. For x1, l ≪ Ls, the SP amplification occurs for
β1 < 1/2 or E1 < E0/2. In particular when E1 is tuned so that β1 = β
∗
1 , where
β∗1 =
αin
sinh(l/Ls) + 2cosh(l/Ls)
, (16)
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the SP in the branch 1 becomes 100% at x1 = 0 and remains close to 100% over the length
segment of order Ls in the branch 1. The magnitude of the 100% spin polarized current
is given by β∗1Jin, which becomes αinJin/2 when l ≪ Ls. Here the factor 2 is due to the
branching of the spin current into the two output branches. The expression for j
↑/↓
1 in the
weak field limit is illustrative;
j
↑/↓
1 (x1) = −
1
2
σsE1 ±
1
2
αinJinexp(−x1/Ls)
sinh(l/Ls) + 2cosh(l/Ls)
. (17)
Note that the spin current ∆j1 = j
↑
1 − j
↓
1 is independent of E1 while the charge current
J1 = j
↑
1 + j
↓
1 is directly proportional to E1, thus enabling the SP amplification by the
electric field. We remark that Eqs. (15) and (17) can be obtained also by using the diffusion
equation[9, 13, 23] ∂2(µ↑ − µ↓)/∂x2 − (µ↑ − µ↓)/L2s = 0, which is used to describe highly
degenerated metal systems.
Figure 2 shows the SP α1 in the branch 1 for variousE0 as a function of the branching ratio
β1 = J1/Jin = E1/E0. For the plots, αin = 0.16, x1 = 0.3Ls, and l = 0.3Ls are used. Note
that α1(x1 = 0.3Ls) is higher than αin (horizontal solid lines in Fig. 2) when β1 is smaller
than a critical value that depends on E0, and reaches 1 when β1 is reduced further. The SP
amplification for small β1 (or small |E1|) is most effective for small and moderate injection
current Jin (or for |E0| . Ec) and becomes less effective in the high injection current limit
(or for |E0| ≫ Ec). But even for |E0| ≫ Ec, the SP amplification is still possible provided
that the branching ratio β1 is sufficiently small so that E1 ≪ Ec. For |E0| ≫ Ec, |E1| ≪ Ec,
and l . Ls, Eq. (14) reduces to α1(x1) ≃ αin(Jc/β1|Jin|)exp(−x1/Ls) for Jin < 0 (electron
injection into the branch 0) and to α1(x1) ≃ αin(Jin/β1Jc)exp{−[x1/Ls+(l/Ls)(Jin/Jc)]} for
Jin > 0 (electron extraction from the branch 0), which can be large than αin for sufficiently
small β1. The dependence on the sign of Jin arises since not only the charge current but
also the spin current is coupled to the electric field in the strong electric field limit. The
coupling between the spin current and the electric field arises from the drift terms [second
term in Eq. (2b) and the last term in Eq. (4b)], and makes the relaxation of the spin current
dependent on the electric field direction[22].
Next we estimate the field strength E1 for the SP amplification in real semiconductors at
room temperature. For a nondegenerate n-doped nonmagnetic semiconductor[13, 24] with
the doping density ns = 10
16cm−3, the mobility ν = 5400cm2/Vs, and the equilibrium spin
diffusion length Ls = 1.83µm, one finds Ec = 141V/cm at 300K and Jc = 1220A/cm
2. For
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E0 = Ec and l = 0.3Ls, the SP α1 at x1 = 0.3Ls is lager than αin for E1 < 0.31Ec ≃ 44V/cm
and than 5αin for E1 < 0.046Ec ≃ 6.5V/cm.
Lastly we comment on several prior proposals to generate highly spin polarized current by
using multiple-terminal structures [25, 26, 27, 28, 29, 30]. Though the proposed structures
are similar to Fig. 1 in the sense that they all use structures with multiple terminals, there
are notable differences; The three-terminal structure in Ref. 25 includes two ferromagnetic
electrodes and three heterojunction interfaces. The three-terminal structures in Refs. 26
and 27 use the Coulomb blockade effect in quantum dots, which limits their operation to
low temperatures. The three-terminal structure in Ref. 28 contains a superconducting elec-
trode, which again limits its operation to low temperatures. The ballistic three-terminal
structures in Ref. 29 exploit the Rashba spin-orbit coupling [30] in a two-dimensional elec-
tron gas to generate a highly spin polarized current. When parameters for InAs/InGaAs
heterostructures are used, it turns out that the operation of this mechanism is limited to a
rather narrow energy range, whose width is an order of magnitude smaller than the thermal
energy at the room temperature. It is also demonstrated [31] that this mechanism becomes
ineffective in the diffusive regime.
In summary, we have demonstrated that the spin polarization can be electrically amplified
within a nonmagnetic semiconductor by using a current branching geometry. The proposed
amplification scheme does not require a ferromagnet, a magnetic field, or a low temperature
operation, and is thus expected to be an efficient method to generate a highly spin polarized
current in a nonmagnetic semiconductor at room temperature.
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1 and 2) with the branched currents J1 and J2 (J1 + J2 = Jin). The branching ratios β1 ≡ J1/Jin,
β2 ≡ J2/Jin can be modulated by the variable resistances R1 and R2. When β1, β2 are properly
tuned, the spin polarization in the branch 1 or 2 can be amplified beyond αin. Inset: Coordinate
system for the branching geometry. The branching point corresponds to x0 = x1 = x2 = 0.
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FIG. 2: (Color online) The spin polarization of the current in the branch 1 at x1 = 0.3Ls (Fig. 1)
as function of the branching ratio β1 = J1/Jin = E1/E0. Here the injection polarization αin = 0.16
[horizontal solid lines in (a) and (b)] and l = 0.3Ls are assumed. (a) For electron injection into
the branch 0 (Jin < 0) with E0/Ec = 0.1, 1, 10, 100. (b) For electron extraction from the branch 0
(Jin > 0) with E0/Ec = −0.1,−1,−10,−100.
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